We apply the chirped-pulse millimeter-wave (CPmmW) technique to transitions between Rydberg states in calcium atoms. The unique feature of Rydberg-Rydberg transitions is that they have enormous electric dipole transition moments (∼5 kiloDebye at n* ∼ 40, where n* is the effective principal quantum number), so they interact strongly with the mm-wave radiation. After polarization by a mm-wave pulse in the 70-84 GHz frequency region, the excited transitions re-radiate free induction decay (FID) at their resonant frequencies, and the FID is heterodyne-detected by the CPmmW spectrometer. Data collection and averaging are performed in the time domain. The spectral resolution is ∼100 kHz. Because of the large transition dipole moments, the available mm-wave power is sufficient to polarize the entire bandwidth of the spectrometer (12 GHz) in each pulse, and highresolution survey spectra may be collected. Both absorptive and emissive transitions are observed, and they are distinguished by the phase of their FID relative to that of the excitation pulse. With the combination of the large transition dipole moments and direct monitoring of transitions, we observe dynamics, such as transient nutations from the interference of the excitation pulse with the polarization that it induces in the sample. Since the waveform produced by the mm-wave source may be precisely controlled, we can populate states with high angular momentum by a sequence of pulses while recording the results of these manipulations in the time domain. We also probe the superradiant decay of the Rydberg sample using photon echoes. The application of the CPmmW technique to transitions between Rydberg states of molecules is discussed.
I. INTRODUCTION
Electronic transitions between Rydberg states of atoms and molecules are unique in that they may have very large electric dipole transition moments. For Rydberg-Rydberg transitions with | n*| ≤ 1, where n* is the effective principal quantum number, 1 the transition dipole moment, μ, scales as the radius of the Rydberg orbital, which is proportional to (n*) 2 (Ref. 2, p. 26) . At n* ∼ 40, | n*| ≤ 1 RydbergRydberg transition dipole moments are typically ∼5 kiloDebye. These transition dipole moments are orders of magnitude larger than, for example, the ∼10 D dipole moments for maximally allowed optical transitions in a molecule. 3 Because of their large transition dipole moments, Rydberg states interact strongly with electromagnetic radiation and, via this radiation, with each other.
Millimeter-wave spectroscopy is an established tool for high-resolution studies of Rydberg atoms [4] [5] [6] [7] [8] [9] and has more recently been extended to Rydberg-Rydberg transitions in molecules. [10] [11] [12] [13] Millimeter-wave (and microwave) spectroscopy is a powerful method for observing the fine and hyperfine structure of Rydberg states, as well as for determining properties of the ion-core, such as its electric multipole moments and polarizabilities. 14 Recently, Pate and co-workers [15] [16] [17] developed the chirped pulse Fourier transform microwave (CP-FTMW) technique, a) Author to whom correspondence should be addressed. Electronic mail:
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which has revolutionized the field of rotational spectroscopy. Instead of stepping sequentially through individual resolution elements in the frequency domain, a frequency-chirped microwave pulse polarizes a large bandwidth (∼10 GHz) of rotational transitions in a molecular sample. All of these polarized transitions then re-radiate free induction decay (FID) at their resonant frequencies, which is heterodyne-detected directly and in a broadband fashion. In this way, the CP-FTMW method allows for the collection of spectra that are simultaneously broadband and high resolution (better than 1 MHz) in a microwave frequency region (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Chirped pulse mm-wave (CPmmW) spectroscopy is an extension of CP-FTMW to the mm-wave frequency region. 18 Like CP-FTMW, CPmmW provides single-shot coverage of ∼10 GHz of spectrum at ∼100 kHz resolution, but at frequencies of 70-102 GHz.
In this work, we discuss the application of the CPmmW technique to Rydberg-Rydberg transitions, the initial results of which are reported in Ref. 19 . In the case of CPmmW rotational spectroscopy, typical transition moments are ∼1 D, and hundreds of watts would be needed to fully polarize the molecular transitions over the entire bandwidth of the spectrometer. However, the broadband power that is presently available in the mm-wave region is severely limited. For Rydberg-Rydberg transitions with ∼5 kD transition dipole moments, mm-wave power requirements are reduced by a factor of ∼10
6 , compared to a chirped pulse rotational experiment, because the power required to completely polarize a sample scales as μ −2 . Current mm-wave technology is well matched to this application.
The CPmmW method is a novel way to obtain spectra of Rydberg atoms and molecules. Transitions between Rydberg states have typically been detected indirectly by collecting ions, electrons, or ultraviolet photons. 7, 9, 10, 13, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] However, few studies have directly detected Rydberg-Rydberg transitions. 36 Along with spectroscopy, through the combination of direct, time-domain detection and large transition dipole moments, we observe dynamical phenomena, such as transient nutations, photon echoes, and superradiant decay. In addition, the coherent mm-wave source can be used to manipulate ensembles that possess these large transition dipole moments; the results of these manipulations are monitored with the CPmmW spectrometer.
Here, we examine CPmmW transitions in Rydberg states of the calcium atom, which serves as a convenient system for initial study. The spectroscopy of calcium is simplified by the existence of only one abundant isotope, which has zero nuclear spin. Much of the low orbital angular momentum ( ≤ 3) structure of the singlet Rydberg levels in calcium is known from optical studies. [37] [38] [39] [40] [41] Additionally, Gentile et al. 7 used microwave and mm-wave spectroscopy to observe the singlet and triplet S, P, and D Rydberg series for principal quantum number n = 22-55. The n = 23-25 singlet F and G states were examined by Vaidyanathan et al. 42 using microwave spectroscopy. Consequently, the transition frequencies observed in the present work were either a priori known to microwave precision or, because of the known quantum defects, were easily estimated well within the 12-GHz bandwidth of the CPmmW spectrometer.
II. EXPERIMENTAL METHODS
The simplest laser/mm-wave excitation schemes used in this work are depicted in Fig. 1 transitions can be observed. The | n*| ≤ 1 level spacings scale as 2R/(n*) 3 , where R is the Rydberg constant. Below n* ≈ 30, the states with allowed | n*| ≤ 1 transitions are too high-frequency for the spectrometer. At high n*, though, | n*| for accessible transitions need not be ≤1, and the available frequency range is no longer a restriction. Also, available mm-wave power is not a limitation in our experiments, so the smaller transition moments of | n*| > 1 transitions do not pose a problem. However, for n* 60, the level density becomes sufficiently high that optical transitions into multiple Rydberg states fall within the 1-GHz bandwidth of the dye laser, and we have not investigated mm-wave transitions in this n* region.
To generate the mm-waves, a 4.2 GS/s arbitrary waveform generator (AWG, Tektronix AWG710B) first creates a user-designed pulse at 0.2-2 GHz, which is then mixed with a 10.7-GHz phase-locked oscillator (Miteq PLDRO-10-10700-3-8P). A bandpass filter transmits the lower frequency sideband (8.7-10.5 GHz) from the mixer, and the waveform is sent through an active multiplier chain that octuples the frequency and, if the pulse is chirped, the bandwidth. The multipliers generate 30 mW in the 70-84 GHz output range. A 60-dB variable attenuator is appended after the multipliers. This attenuation is necessary to prevent overdriving the Rydberg-Rydberg transitions. When additional attenuation is required, a copy of Ref. 3 is used. 43 A 24-dBi standard gain horn broadcasts the mm-wave radiation, which is collimated by Teflon lenses before entering the CPmmW vacuum chamber. After interacting with the calcium sample (∼10 5 Rydberg atoms/cm 3 ), Teflon lenses focus the mm-waves into another gain horn for collection. Radiation is then heterodyne-detected with a W-band Gunn oscillator (J. E. Carlstrom Co. H129), which is locked to a harmonic of the 10.7-GHz oscillator. The down-converted, low-frequency signal is then recorded directly on a 12.5-GHz oscilloscope (Tektronix DPO71254B, 50 GS/s). The 12.5-GHz bandwidth of the oscilloscope restricts the bandwidth within the 70-84 GHz region that can be collected in a single chirp. The oscilloscope and all of the frequency-generating components are phase locked to a 10-MHz rubidium frequency standard (Stanford Research Systems FS725), which allows the mmwave signals (transmitted radiation and FID) to be phasecoherently averaged in the time domain. The resolution of the acquired spectra is ∼100 kHz, which is determined by the duration of the collected FID (typically ∼10 μs). The CPmmW spectrometer is described in detail in Ref. 18 .
When rotational transitions are observed by the CPmmW spectrometer in a supersonic jet expansion, 18 the number density of molecules that may be polarized by the mm-waves (the number density difference per quantum state) is typically ∼10 11 molecules/cm 3 . However, such a high number density of Rydberg atoms would encounter signal loss via dipoledipole collisional dephasing 30, 34, [44] [45] [46] [47] [48] [49] and cooperative effects such as superradiant decay. 5, 19, 32, [50] [51] [52] [53] [54] [55] Therefore, we enlarged the interaction volume to compensate for the required lower density of emitters. A schematic of the experiment is shown in Fig. 2 . Calcium atoms are produced by ablation of a calcium rod with 5 mJ of the third harmonic of a Spectra-Physics GCR-130 Nd:YAG laser, which is focused to a ≈300 μm spot.
The ablated calcium is entrained in a pulse of helium or argon gas, which supersonically expands from a 20-psi stagnation pressure into the CPmmW chamber. The center of the region where the lasers, mm-waves, and beam of calcium atoms intersect is about 12 cm downstream from the 0.5-mm diameter nozzle. At this distance, the jet has expanded so that its cross-sectional area matches that of the mm-waves (∼10 cm 2 ), which are not tightly focused. Before entering the CPmmW chamber through a fused silica window, the mm-waves are reflected off of an aluminum mirror. This mirror has a 12-mm hole in its center, and a diverging lens is placed immediately before the hole so that the laser and mm-wave beams have similar diameters in the interaction region. The dye laser beam profiles cover approximately 6 cm 2 , and the total interaction volume is about 50 cm 3 . Helmholtz coils compensate for ambient magnetic fields that split the Rydberg-Rydberg transitions and/or broaden the lineshapes.
In order to determine the correct laser wavelengths for the CPmmW experiments, we also detect laser transitions into calcium Rydberg states by pulsed-field ionization (PFI) in the same apparatus-but in a different chamber. To reach the ionization region, the calcium jet travels past the mm-waveilluminated volume to a 1-mm skimmer, which is 40 cm away from the nozzle and which separates the CPmmW chamber from the PFI chamber. After traversing the skimmer, the jet propagates another 25 cm to the ionization region. The PFI FIG. 2. Diagram of the experimental apparatus for observing Rydberg-Rydberg transitions. The laser beams pass through an expanding lens and an aperture in a metal mirror before they excite calcium atoms from the ablation source (not shown) into the initial Rydberg state. The mm-waves (shaded gray) are generated by mixing the output of the arbitrary waveform generator (AWG) with a phase-locked dielectric resonant oscillator (PDRO) and octupling the resulting waveform. A gain horn broadcasts the mm-waves, which then interact with the excited calcium atom sample. Another horn collects both transmitted radiation and free induction decay (FID). Teflon lenses collimate/focus the radiation before and after the interaction region. Detected mm-waves are down-converted by mixing with radiation from a W-band Gunn oscillator, and the resulting signal, between dc and 12.5 GHz, is sent to a fast oscilloscope. Each of the mm-wave generation and detection components is phase-locked to a 10-MHz frequency standard (not shown), which enables averaging in the time domain. The lasers may also be directed into the pulsed field ionization (PFI) region (broken-line path), before which the supersonic expansion is skimmed. The PFI setup is used to tune the lasers into resonance with selected transitions. instrument (as well as the ablation source) is described in detail in Ref. 29 . When the first laser is tuned to resonance with the 4s5p 1 P 1 ← 4s 2 1 S 0 transition, 1+1 resonance enhanced multiphoton ionization may be observed. A two-color PFI signal is used to tune the 800-nm laser to resonance with transitions from the 4s5p 1 P 1 state into selected Rydberg states. It is necessary to detect PFI in a separate chamber because the PFI components generate electric fields that shift and broaden the mm-wave transitions. Conversion of the apparatus between the CPmmW and PFI experiments requires only a change in the delay for the dye laser pulses and adjustment of two mirrors, a process which is accomplished in a few minutes.
III. RESULTS

A. Excitation methods and Rydberg-Rydberg FID spectra
Each Rydberg state in a transition is denoted by n* . 56 For reference, Table I contains both the n* and n labels of all transitions discussed in this work. We excite RydbergRydberg transitions in two ways, examples of which are shown in Fig. 3 . In both cases, lasers initially populate the 33.67s state in calcium, and the mm-waves then probe the 34.13p-33.67s transition. In Fig. 3(a) , the AWG is set to a single frequency, and the bandwidth of the excitation pulse is Fourier-transform-limited. The 34.13p-33.67s transition has a calculated electric dipole transition moment 19 of 3439 D, and π /2 polarization occurs in 10 ns with 2 μW of power spread over an ≈ 6 cm 2 spot. Here, the large Rydberg-Rydberg transition dipole moment makes it possible for a relatively short pulse to optimally polarize the transition. Alternatively, a resonant, 500-ns pulse would achieve π /2 polarization for the same transition at 0.6 nW, since the power required for a given pulse area scales as t −2 , where t is the pulse duration. In Fig. 3(c) , the frequency of the excitation pulse is chirped linearly in time, and the frequency range of the chirp, rather than the duration of the pulse, determines the bandwidth of the pulse. Since the power of a chirped pulse is distributed over more bandwidth than a transform-limited pulse, a combination of higher power and/or longer pulse duration is required to generate a π /2 flip angle. For example, the chirp in Fig. 3 (c) has a bandwidth of 500 MHz and a duration of 0.5 μs, which requires 0.2 μW for optimum polarization of the 34.13p-33.67s transition. To achieve a given flip angle, the power needed for a chirped pulse scales linearly with the bandwidth if t is fixed or scales as t −1 if the bandwidth is fixed. 57 Of course, for both single-frequency and chirped excitations, the use of shorter pulses (with more power) maximizes the total signal because the earliest, most intense part of the FID cannot be collected while the excitation pulse is present.
The spectra in Fig. 3 have S/N ratios of about 700 and were obtained from 5000 averages, which required approximately 5 min to accumulate. About 0.5 mJ of power were used for each laser pulse, and we estimate that the number density of Rydberg atoms in Fig. 3 , the S/N ratio at 5000 averages suggests that a single shot would have S/N of around 10, and experimentally, single-shot signal is clearly visible. We estimate that the smallest number density that we can detect (S/N ratio = 3) with 5000 averages is approximately 4 × 10 3
Rydberg emitters/cm 3 , or, in our experimental geometry, 2 × 10 5 total Rydberg atoms.
B. Transient nutations and transition phases
One consequence of the kiloDebye dipole moments of Rydberg-Rydberg transitions is that the sample polarization induced by the excitation pulse can be comparable to that of the excitation pulse itself. Under such conditions, the emission from the sample polarization combines coherently with the excitation pulse while the pulse is present, resulting in transient nutations. 19, 58, 59 After the excitation pulse has ended, the sample polarization continues to emit radiation, which is then in the form of FID. Examples of transient nutations are shown in Fig. 4 for single-frequency, nearly-π /2 excitations of the 34.13p-33.67s and 41.73d-40.88f transitions. In Fig. 4(a) , the power used for the 34.13p-33.67s transition is 0.3 nW at 76.9293 GHz for 0.5 μs. The 34.13p-33.67s transition is absorptive, since the lower energy state is initially populated. During the mm-wave pulse, the sample emission interferes destructively with the excitation pulse as the sample accrues polarization, and the amplitude of the excitation pulse appears to decrease in the time domain-consistent with energy conservation. Conversely, Fig. 4(b) illustrates an emissive (downward) transition, in which the lasers populate 41.73d. The 41.73d-40.88f transition is resonantly excited for 0.2 μs with 1 nW at 79.1212 GHz. Here, the amplitude of the excitation pulse appears to increase with time because the emission from the sample polarization interferes constructively with the pulse. In this way, the nutations immediately display whether the transition is upward or downward in energy relative to the initial population. Transient nutations are also observed during chirped excitation. 19 In Fig. 4(a) , the excitation pulse and the sample emission are π radians out of phase (absorptive), whereas in Fig. 4(b) they have the same phase (emissive). However, the phase difference between the excitation pulse and the FID can also be extracted from the oscillations that are recorded directly in the time domain. To estimate the precision with which the phase of any FID, φ FID , can be determined, we assume that the uncertainty in the time measurement, which comes from the 10-MHz frequency standard, is negligible. The sample polarization emission interferes constructively with the excitation pulse, the amplitude of which appears to increase until 0.2 μs, when the excitation pulse terminates. In this excitation sequence, the laser transfers population into the upper state, and the mm-wave transition to the 40.88f state is downward in energy.
We also assume that the relative standard deviation (RSD) of φ FID is no smaller than the combination of relative uncertainties in the other fitted parameters (decay rate, γ , frequency, ν, and amplitude, A) that reproduce the FID. That is, we assume that RSD
A for the FID. In our experiment, the precisions of γ and A are similar (while the precision of ν is much higher), and the relative uncertainties of each are ≈(S/N ratio) −1 . 60, 61 For spectra such as those in Fig. 3 , the relative uncertainty in γ and A is thus ∼10 −3 , which corresponds to an uncertainty in φ FID of <0.01π radians. Even this conservative estimate of the precision of the fitted φ FID far exceeds what is necessary to distinguish absorptive (π phase difference) from emissive (0 phase difference) transitions.
For a resonant, single-frequency excitation pulse (ω pulse = ω FID , where ω is the angular frequency) with phase φ pulse , the relative phase of the pulse and FID is simply φ FID − φ pulse . The phase of the time-domain oscillations of the excitation pulse is directly compared to the phase of the FID oscillations, and the phase difference (π or 0) identifies the upward or downward nature of the transition. Hence, determination of the relative phase of the pulse and the FID need not require observation of nutations. Moreover, whether a transition is absorptive or emissive can be inferred from a time trace in which the excitation pulse is at a constant (possibly off-scale) amplitude. An example of this case is in Fig. 3(a) , where the phase of the FID is indeed measured to be π radians different than the phase of the excitation pulse, as is expected when the lasers initially populate the lower state.
Measurement of the phase of the FID relative to that of the excitation can be extended to the case of a chirped excitation pulse. For a linearly chirped pulse, the phase at time t is
where φ o is the initial phase of the chirp, ω o is the initial angular frequency of the chirp, and | ω| is the bandwidth of the chirp.
(If the frequency of the chirp is increasing during the pulse, ω > 0, and ω < 0 if the frequency is decreasing.) The sweep rate of the chirp is ω/ t, and the frequency of the chirp at a given time is
The phase of the chirp may also be related to the instantaneous frequency by combining Eq. (1) with Eq. (2) and eliminating t,
If the FID of a transition is recorded at a frequency ω FID and with a phase φ FID , then the FID phase can be measured against the phase of the chirp when the chirp reaches the transition frequency. 62 In other words, φ FID − φ c (ω FID ) may be evaluated using ω FID in Eq. (3). In this way, a measurement of a chirped pulse and the subsequent FID can also be used to determine whether a transition is absorptive or emissive. For example, the FID in Fig. 3(c) is determined to be π radians out of phase with the chirp when it sweeps through resonance, which is consistent with an absorptive transition.
In the case where a chirped pulse excites multiple transitions that have different values of ω FID and φ FID , the approach described here may still be employed. As long as a transition in the frequency spectrum is resolved enough that ω FID and φ FID can be determined, then each relative phase can be evaluated individually using Eq. (3).
C. Manipulations and superradiant decay
Along with the large transition dipole moments, the easily controlled, phase coherent mm-wave source allows for manipulation of Rydberg states. For example, we populate the 54.0h state by a sequence of three pulses, as shown in Fig. 5 . The 55.8d state is initially populated by the laser radiation. Subsequent mm-wave pulses of 77.5720 GHz, 82.0725 GHz, and 78.8625 GHz each transfer some of the population into 53.9f, 55.9g, and 54.0h, respectively. Because no pulse in the excitation sequence caused an integer multiple of π polar- The inset shows a schematic of the four energy levels and three transitions that contribute to the spectrum. The 55.8d state is initially populated by the lasers (long, red arrow). Sequential, resonant mm-wave pulses (gray arrows) then excite the 55.8d-53.9f transition at 77.5720 GHz, the 55.9g-53.9f transition at 82.0725 GHz, and the 55.9g-54.0h transition at 78.8625 GHz. Since no pulse area is chosen to be an integer multiple of π , each transition appears in the frequency spectrum. A known artifact (marked with an asterisk) is due to the fixed-frequency 3.96-GHz oscillator of the mm-wave spectrometer.
ization, at each step there is both FID signal and population transfer. Thus, each mm-wave transition in the → + 1 → + 2 transition sequence appears in a single spectrum.
In addition to populating states of high angular momentum, we have observed photon echoes of the 34.13p-33.67s transition, one of which is shown in Fig. 6 . Initially a 10-ns, single-frequency pulse with 2 μW of power π /2-polarizes the transition. The resulting FID decays (mostly) inhomogeneously due to Doppler and Zeeman broadening. After a waiting time τ , a π pulse-the same power as the π /2 pulse but twice the duration-is applied. The π pulse reverses the The decrease of the echo amplitude (relative to the initial FID) is determined primarily by the superradiant decay rate 19, [50] [51] [52] 55 of this system. The dip in the signal immediately after the π pulse ends is due to the pulse saturating the amplifier on the detection arm of the spectrometer. Fine modulation is an artifact that arises from the 10-MHz phase reference in the frequency down-conversion step.
inhomogeneous components of the phase evolution, and during another period of length τ , the FID revives (incompletely), then dephases again. A time series of photon echoes of the same transition is shown in Fig. 7 for τ values of 2.0, 2.4, and 2.8 μs. The measured phase difference between each echo and initial FID is π radians, which is consistent with the π pulse inverting the two-level system. The amplitude of the echo is determined by the extent of the homogeneous decay over the ∼2τ interval. If the homogeneous decay rate were negligible (that is, if the decay of the FID were completely inhomogeneous), then the amplitude of the echo would be equal to that of the initial FID. Conversely, in the case of a purely homogeneous decay, there would be no rephasing at all. Assuming an exponential decay of the echo amplitude relative to the FID amplitude, the homogeneous decay constant of the echoes was determined to be 4.6 ± 0.5 μs. The possible sources of homogeneous decay in our experiment are transit time of the jet expansion, blackbody radiation from the surrounding apparatus, collisional dephasing from the dipole-dipole interaction, and cooperative radiation of the Rydberg emitters (superradiance).
In our apparatus, the field of view of the detection horn is 12 cm wide, and we estimate that the average time of flight from the center of the interaction volume is about 33 μs. Thus, the transit time of the calcium emitters does not contribute significantly to the homogeneous decay.
In the case of blackbody radiation, homogeneous decay occurs in two ways: (1) the blackbody field incoherently excites the observed transition, directly causing dephasing, and (2) the field moves population into other states, decreasing the observed transition amplitude. For mechanism (1), the direct dephasing rate of a given transition by blackbody radiation is (Ref. 2, pp. 53-54) where k is the Boltzmann constant and is T is the temperature. For the 34.13p-33.67s transition at 295 K, γ bb,1 = 5 kHz. As for mechanism (2), the blackbody field depopulates each Rydberg state at an approximate rate of
where α is the fine structure constant. For states with n* ≈ 34, γ bb,2 ≈ 17 kHz. Both levels undergo this loss of population. The contribution from γ bb,1 in Eq. (4), however, is implicitly present in Eq. (5). To avoid counting γ bb,1 twice, we estimate the total contribution of blackbody radiation to the homogeneous decay to be γ bb = 2γ bb,2 − γ bb,1 , which gives γ −1 bb = 34 μs. As is the case for the transit time, the blackbody dephasing time is significantly longer than the observed 4.6 μs homogeneous decay time.
The large dipole moments of Rydberg-Rydberg transitions also dephase each other at long range, and the expected homogeneous dephasing rate from the dipole-dipole interaction is
Here, N is the number density of Rydberg states. By comparison, the superradiant decay rate 51, 52 is
where λ is the wavelength of the radiation, and L is the path length of radiation through the sample. The expression for the superradiant decay rate is substantially similar to that for the dipole-dipole dephasing, except for an additional factor of ∼L/λ. In our experimental geometry, this factor is large because L is at least 7 cm (≈18λ for the 34.13p-33.67s transition). Thus, the superradiant decay is expected to be more than 20 times faster than the dipole-dipole dephasing, and we conclude that the dipole-dipole interaction does not contribute significantly to the observed homogeneous decay. On the other hand, if we assume that the observed 4.6 μs homogeneous decay time is entirely due to cooperative effects, Eq. (7) gives a corresponding Rydberg number density of N = 8 × 10 4 /cm 3 , which is consistent with previous determinations of the number density in our apparatus. 19 Hence, we conclude that the homogeneous decay in Figs. 6 and 7 is primarily due to superradiance.
IV. CONCLUSIONS AND FUTURE WORK
We have demonstrated broadband, high-resolution, direct detection of Rydberg-Rydberg transitions with CPmmW spectroscopy. Because of the ∼5 kD transition dipole moments, ∼1 μW of power for ∼1 μs is needed to fully polarize a ∼10 GHz bandwidth, all transitions within which may be detected in each shot with a resolution of ∼100 kHz. Fast survey acquisition, combined with phase information from the time-domain signals, which distinguishes upward from downward transitions, makes the CPmmW technique well suited to rapid mapping out of manifolds of Rydberg levels.
Additionally, the CPmmW technique provides timedomain observation of dynamical phenomena, such as transient nutations, that are driven by the strong interaction of large transition dipole moments with electromagnetic radiation. Furthermore, Rydberg states may be manipulated by the easily controlled mm-wave source, and the results of these manipulations may be directly monitored with the CPmmW spectrometer. It is possible to sequentially populate states with high angular momentum and determine homogeneous lifetimes. Methods such as adiabatic sweeps 64, 65 and composite pulse sequences 66, 67 should allow for more intricate manipulations. We also probe a cooperative effect, superradiance, using photon echoes. Since the cooperative effects scale linearly with the number density of Rydberg states, a higher density source will allow for a more systematic investigation of these effects. Construction is underway of a collisional cooling photoablation beam source, which will achieve both a higher number density of ∼10 8 particles/cm 3 and a narrower Doppler width of ∼50 kHz. [68] [69] [70] This source will be used for studies of both atomic and molecular systems. Additionally, for the strongest, | n*| ≤ 1 transitions, the μ 2 in Eq. (7) scales as (n*) 4 , while the λ −1 scales as (n*) −3 . So overall, the superradiant decay rate γ SR scales linearly with n*. Thus, the strength of the cooperative effects may be tuned by varying n*. One application of the superradiance observations will be a study of the collective Lamb shift. 71 For molecules in core-nonpenetrating states ( > 3), each rovibrational state of the ion-core has its own separate manifold of Rydberg levels because the nonpenetrating Rydberg electron does not interact strongly with the ion-core, 14 which has a vibrational quantum number, v + , and a total angular momentum quantum number (exclusive of spin), N + . Thus, CPmmW spectra of these states should be simple in that they are "atom-like," and the molecular spectra would be "pure electronic spectra," decoupled from the vibrational and rotational motions of the ion-core. These v + = 0 and N + = 0 selection rules will render the spectra to be trivially assignable, in contrast to assignment of laser transitions, which do not obey such restrictive rotation-vibration selection rules. There will be exclusively v + = 0, N + = 0 transitions, but the quantum defects will be slightly v + , N + dependent. This v + , N + dependence, sampled via CPmmW spectra from selectively laser populated levels with different v + , N + quantum numbers, reveals the multipole moments and polarizabilities of the ion-core. The CPmmW method offers broadband search capability at sufficient resolution 72 to determine the multipole moments and polarizabilities of molecular ions through pure electronic spectroscopy of Rydberg molecules. Also, information about weak , v + , N + state-mixing may be garnered from the capability to record the ∼1% accurate relative intensities inherent in the chirped pulse method. [15] [16] [17] While many molecules in core-penetrating Rydberg states undergo predissociation or autoionization faster than the ∼1 μs required for the collection of FID, nonpenetrating ( > 3) states typically have lifetimes longer than 10 μs, and so will live long enough to permit the recording of FID spectra. Core-nonpenetrating states of molecules could be populated, for example, by Stark mixing in high-character with a programmed electric field or by sequentially populating high-states with a sequence of short, crafted π pulses. Additionally, BaF is a rare example of a molecule for which the dissociation limit lies above the ionization limit into the lowest electronic state of the ioncore. 26 Hence, Rydberg-Rydberg transitions in BaF will be a direct molecular application of all of the CPmmW techniques described here. 1 The effective principal quantum number, n*, is defined as n * ≡
